ConferMW and Eshibitlon held in New Orfeana, Louisiana, 27-30 September 19e8. 
Introduction
The steady-state technique is one of conventional methods applied in special core analysis to determine relative perrneabilities. Since the classical paper [10] it is recognized that capillary forces significantly affect laboratory experiments though neglected in the standard interpretation procedures. In order to avoid inaccuracies resulting from capillary effects neglect generally 2 options exist: either to avoid them by using sufficiently high total rates (which is not always possible in case of low permeable rocks), or to introduce the corrections taking into consideration capillary pressure. An analytical approach to correct the steady-state measurements of relative permeabilities taking into account capillary forces has been developed and tested against simulated data in [13], [14] , [15] . The method employs self-similarity of the steady-state twophase flow with respect to flow rate. The same idea was used to determine capillary pressure and relative permeability of the non-wetting phase in [9] , [ 6] for a more restricted model, only the non-wetting phase is flowing.
In the present paper the analytical corrections are applied to real experimental data. It is shown how the measured data a corrected step by step using EXCEL work sheet.
Experimental planning
To ensure measurable capillary end effects the injection rates for the flooding experiments have to be planned based on the parameters of the core plug, capillary pressure, and the estimates of the unknown relative permeabilities.
Input data. To guide in planning the experiments, simulations of the steady-state experiments have been performed, using the core flood simulator
CENDRA.
Steady-state drainage experiments at 2 different total rates have been simulated.
Capillary pressure was measured by centrifuge method on a plug cut from the same core. The measurements were interpreted by Hassler-Brunner method, see Figure 1 . The length of the core is 25 cm. The grid is 150x1x1, of which the 50 blocks close to the core outlet have a length of 1 mm, while the length of the rest is 2 mm. The relative perrneabilities functions used in the simulations, see Figure 2 , were taken from literature, Ref. [12] .
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Results
The relative permeabilities back calculated from simulated data by Darcy's law are plotted in Figure 2 together with the curves from the simulator input. At high total rate of 5cc/min the calculated curves are very close to the true counterparts, i. e. there is very little influence of the capillary end effects on the total pressure drop. At total rate of 0.2cc/rnin the calculated water relative permeability reveal little rate dependence while oil relative permeability curve clearly deviates from its true counterpart The difference between those curves is judged to be sufficiently high to be detected from real measurements subjected to measurement errors.
Based on the above simulation results it was decided to carry out 3 drainage experiments at total rates of 5, 0.2 and 0.5cclmin.
Experimental arrangement
Fluids. Synthetic formation water and n-decane where used in the experiments. Before entering the core, the brine was bubbled with nitrogen gas to displace oxygen and filtered through a 0.45 pm filter, Apparatus*. A schematic of the two-phase flow apparatus is shown in Figure 3 . The main parts of the apparatus are a pumping system, a two-phase separator, and a core holder. The pumping system consists of five computer controlled cylinders that have the capability of recycling two phases simultaneously through a core sample. The cylinders are paired, and two cylinder pairs are used for recycling water and oil (or a gaseous phase). Each phase is pumped into the core sample with accurate and virtually pulse free flow rates. For each of the cylinder pairs, one cyIinder delivers fluid into the sample, while the other receive fluid through the return line from the separator. The receiving cylinder runs at a slightly higher rate than the delivering cylinder, which implies that the receiving cylinder is ready to deliver fluid into the sample before the delivering cylinder is empty. By continuously adjusting the rates and the pressures, the take over between the cylinders in one pump can occur smoothly. The fifth cylinder is working in a constant pressure mode, and acts as a back pressure regulator within 50 mbar accuracy. This cylinder is connected to the water return line, but is in contact with both phases indirectly through the separator, It provides an excellent back pressure control, and tracks any leakages that might occur throughout the experimentation. The flow rates are adjustable from 0.001 ml/min to IO ml/min. A two-phase separator is used for volume measurements. An acoustic separator is used for separation of produced fluids, and for continuously monitoring the production from the outlet face of the core sample. Two bores are connected to each other, and fluid from the core sample enters in one of the bores at the bottom of the separator, where they are separated. The other bore is the measuring bore, and is connected to the separation bore by two channels, one at the top of the separator and one at the bottom. An acoustic transducer is located in the bottom of the measurement bore. Through measurements of the time for an acoustic wave (generated by the transducer) to echo off the interface between the water and oil phase and a calibration stub, the distance from the transducer to the interface can be determined. From this measurement, the water volume in the separator may be calculated. The static accuracy * O.Olrnl, while the dynamic of the volume determination is accuracy is empirically determined to be * 0.07ml. The accuracy is poorer when the oil phase are recycled due to the different rates of the delivering and receiving cylinders in one pump. This involves that cylinder five is compensating for a pressure loss caused by the higher rate of the receiving cylinder. As a consequence the meniscus in the separator will continuously be moving up and down. The shape of the meniscus will change with the direction of movement, and hence a hysteresis effect in the volume measurements will occur. However, by optimizing the return rate the movement of the oil water interface and the hysteresis effect is minimized. A hydrostatic core hohfer is used in the apparatus. For steady state experiments the inlet distribution end piece has two separate spiral grooves for water and oil, ensuring distribution of both phases across the entire core inlet face, and a pressure port in the center. The outlet distribution end piece is of conventional type with three concentric rings and cross-hatch every 45 degrees. A wire screen is placed on the outlet distribution end piece to minimize particle washout and to ensure uniform fluid flow across the outlet end face. For unsteady state experiments, both distribution end pieces are of the conventional type. Several rubber washers are placed behind each distribution end piece to transmit an axial stress proportional to the confinement pressure. The core sample is completely covered with Teflon tape, tin foil and a hydrogenated nitrile sleeve.
The pressure drop across the core sample is measured by a high resolution differential pressure transmitter with adjustable range. The maximum range was zero to 7 bar for the high rate test and zero to 320 mbar for the low rate and the medium rate measurements. he accuracy during recirculation is within 1% of the measured value.
The pumps, the separator and the core holder are all placed in a heating cabinet, and provide a closed loop and recycling of both phases up to reservoir conditions (which for this apparatus is 41 MPa and 160"C). The apparatus is capable of running either steady-state type experiments or unsteady-state type experiments, i.e. either one or two phases can be simultaneously injected into the core sample. The monitoring of the apparatus and data acquisition (pressures, volumes, temperature etc.) Experimental results. Water-oil primary drainage steady state relative permeabilities were measured on a Berea core at three different total rates. First a high rate test was performed with 300 ml/h total rate, then a low rate test was performed with 12 mi/h total rate, and at last a medium rate test was performed with 30 ml/h total rate. TABLE 2 displays dimensions, porosity and water permeability of the Berea core measured before each steady state test. The water permeability value increased from 165 @ to 216~during the test program. The respective water permeability measured before each steady state test was used as a reference absoIute permeability in the relative permeability calculations.
The measured pressure drop across the core and the average water saturation are presented in TABLE 3 for 3 rates and 9 fractional flows.
Interpretation of experiments
Gravity correction. In the experimental setup with vertical positioning of the core holder the total pressure drop across the core is difierent from the pressure drop readings due to gravity effect on the fluid inside pressure transducer tubing, In our experiments the transducer-tubing was fiiled with water, which means that only oil pressure drop has to be corrected for gravity.
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The relative permeabilities c~culated from the measured data by Darcy's formula inciuding gravity correction ( 1 ) are shown in Figure 4 .
In the analytical corrections beiow only the pressure drops are corrected for gravity, while the effect of gravity on the saturation distribution is ignored. According to Ref. [8] this effect is small even for high permeable cores. Gravity effects are filly taken into account in the simulation of the experiments described beiow.
AnalyticA corrections to account for capillary end effect in steady-state floods were introduced and verified against simulated data in Refs. [13] , [15] . The expressions are as follows:
The correction consists of 2 parts, saturation correction, and relative permeability correction. The corrected value of the relative permeability is calculated from the Equation ( 3 ). It corresponds to the saturation at the core inlet, @ which is calculated from the Equation ( 2 ).
The correction of the saturation is straight forward. It is done according to the Equation (2), as shown in TABLE 4. To implement the formula for reiative permeability correction ( 3 ), first it is necessary to obtain the individual phase pressure drop for each of the 2 phases. This is done based on the analysis of the pressure continuity across the core boundaries.
As can be observed from the capiliary pressure curve, Figure 1 , capillary pressure threshold is zero (or at least insufficient to be measured by centrifuge), thus pressure continuity at the outlet is ensured for both phases. At the inlet of the core, the phase pressure in the non-wetting phase is continuous, while the phase pressure in the wetting phase is discontinuous as explained in Refs. [13] , [15] . The inlet end effect was analyzed by way of simulation in Ref. [14] . The discontinuity in the wetting phase pressure at the inlet is caused by the counter-current flow, i.e., rapid imbibition of the wetting phase and simultaneous expulsion of the non-wetting phase from the core into groves of the inlet end piece supplying wetting phase. The non-wetting phase forms a thin layer, a film, attached to the core inlet which creates high resistance for the wetting phase to get through. During the counter-current flow the resistance of the film builds up, and so does the pressure drop in the wetting phase across the film. This process continues until the pressure drop across the film becomes equal to the capillary pressure at the core inlet just inside the core.
At steady state, the measured total pressure drop across the core is therefore equal to the pressufti rop in the non-wetting ? phase (oii). The pressure drop in the wetting phase (water) is smaller than the total pressure drop by the value of capillary pressure at the inlet, which can be obtained from the capillp ressure curve and the saturation at the inlet calculated from Equation ( 2). and Figure 6 . The resulting relative permeability curves are displayed in Figure 7 . By comparison of Figure 4 and Figure 7 one can easily see that capillary corrections have dramatically reduced the difference between reIative permeabilities measured at different rates. The low rate curves measured at total rates of 0.2 and 0.5 cc/rein after correction for capillary end effect have approached the curves measured at high rate of 5 cc/rein.
Simulation.
The experimentally measured data were history matched using the steady-state simulator presented earlier, Ref.
[16] facilitating accurate and rapid computation of all the relevant characteristics of steady-state core floods with account for gravitational, capillary and viscous forces, The relative permeabilities may be input either as tables, or as Coreyfunctions. In the case considered, Corey representation has been found sufficient to reconcile the simulated and measured pressure drops across the core and average saturations. The match obtained between ex~rimental and the simulated data is presented in Figure 9 -Rgure 11. The resulting relative permeability curves, see Figure 8 , for all three rates exhibit very IittIe difference, similar to the analytical interpretation above.
Discussion
Rate dependence of relative permeabilities
As stated in Ref.
[2] on page 92 'The effects of displacement pressure, pressure gradient, and flow rate on the shape of relative permeability curve has long been a controversial subject in petroleum-related literature." Some confusion is introduced due to the fact that in addition to its potential influence on the relative permeabilities the rate definitely influences the capillary end effect. From some of the published data it is not always clear whether those 2 different phenomena are sorted out. In refs. or similar which is a measure of capillarity dominance over viscous forces. In [7] , [5] relative permeability curves both for wetting and non-wetting phase display a tendency to increase as the capillary dominance decreases, i.e., they reveal the same behavior as the curves without capillary corrections shown in Figure 4 . The reliability of those results may be argued since the capillary end effect has not been accounted for in either of the referenced papers, since a standard interpretation technique neglecting capillary forces was used. The observed tendency (or part of it) might be the result of the unaccounted end effect. As explained in the Appendix this tendency is a typical manifestation of the end effect.
According to Lake4 at N,c <10-5, i.e. z2 = ZVVC-l >105 (6) the residual phase saturations are roughly constant. An extensive study of relative permeability rate dependence has been performed by Skauge et alll. The experimental results were interpreted by parameter estimation techniq=e which takes into account capillary effects. It has been found that the critical capillary number, NV,,is in the range
Using the relevant core and fluid properties, the dimensionless criterion at the highest rate of 5cc/min is readily calculated to k 7r215cc/ti. = 0.47* 10C meaning that in our experiments relative permeabilities should be rate insensitive, since the conditions ( 6 ), ( 7 ), both are satisfied. This conclusion cQnforms with our results.
Experimental uncertainties.
Some uncertainties are associated with the observed experimental behav;or as explained below.
Absolute permeability variation. Absolute permeability of the core measured before each flooding test was not constant. It systematically increased from test to test. This could also mean that other properties of the core, e.g., capillary pressure, could have changed either during the tests or during the core cleaning.
Evolution of average saturation with rate. Evolution of average saturation with increase of total rate in the ex~riments revealed unexpected behavior. Theoretically, in a strongly water-wet core at a fixed injected fractional flow the average saturation can only decrease. This type of behavior is also seen from simulation, Figure 12 . From experiments, see Figure 13 , the water saturation increases with rate at high fractional flows, behaves non-monotonically at medium fractional flows, and decreases at low water fractional flows. A possible explanation to this effect is the following.
At low water saturations the flow is dominated by capillary forces at all rates, since capillary pressure magnitude is high, while at higher water saturations the magnitude of capillary pressure decreases, and the regime of the flow changes gradually with rate increase so that relative permeabilities become rate dependent. The condition for rate independence of relative permeabilities, i.e. the threshold above which capillary forces prevail, probably, should be formulated in a different way than in Eq. ( 6 ) taking into account the capillary pressure dependence on saturation. The velocity restriction would then be stronger in the regions with low capill9 pressure. The observed saturation behavior indicates indirectly that relative permeabilities are rate dependent.
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Conclusions
1.
2.
3.
To validate the previously developed analytical corrections for relative permeabilities, water-oil drainage steady state relative permeabilities were measured on one Berea core at three different rates. The analytical corrections are implemented to correct the measured relative permeabilities. The accuracy of the corrected relative permeabilities is approximately the same as of those obtained by parameter estimation technique. Rate sensitivity of relative permeabilities has been analyzed based on the measured data, It was found that much of the difference observed in relative permeability curves and residud satiations measured at different rates can be explained by the influence of capill~end effect. Ramakrishnan, T.S., Capiello, A.: "A new techniclue to measure static and dynamic properties of a partially sa~urated porous medium" Chem. Eng. Sci., 46, 1991, 1157-1163. 10 . Richardson, J.G., Kerver, J.A., Hafford, J.A., and Osoba, J.S.:
"Laboratory Determination of Relative Permeability", Trans. AIME, 195 (1952) 187-196, 11 . Skauge, A., Haaskjold G., Thorsen, T., Aara, M.: "Accuracy of oil-gas relative permeability from two-phase flow experiments." SCA -9707, presented at the SCA Symposium. 
Appendix -Analysis of errors caused by end effects
Let us analyze the errors in relative permeabilities determined from steady state floods by Darcy's law, i.e., the errors caused by neglecting capillary forces. The analysis is based on implementation of equations ( 1 ) and ( 2 ). Define 2 saturation values:
capilla~limit saturation, S.[, is the limiting (average) saturation in the core as totaI velocity tends to zero.~ls is the saturation value at which the capillary pressure curve (corresponding to the process in question) crosses the saturation axes. Capillary limit saturation depends on the capilIary pressure curve, i.e., on the conditions at which the experiment is run (imbibition or drainage). viscous limit saturation, S,f, is the limiting (average) saturation in the core as total velocity-tends to infinity. This saturation is completely defined by the fractional flow at injection, F (it is the solution of the equation flSvl)=F), and therefore is a function of F, Svl= S,{ F). Since relative permeabilities may also reveal hysteresis the viscous limit saturation is atso dependent on the direction of the saturation change during the experiment.
Assign index 1 to the wetting phase (water), and index 2 to the non-wetting phase (oil). Consider two cases depending on whether viscous limit saturation is smaller or bigger then the capillary limit saturation.
Case A:
Sv/fF)<Scl
For water-wet rock, this case corresponds to primary drainage conditions for all F, and to imbibition and secondary drainage conditions for sufficiently Iow F.
The measured total pressure drop across the core corresponds to the 2-rid phase (oil), which means that the quantity of~,2 is the measured relative permeability to oil.
It can be shown from the analysis of the equation describing steady-state 2-phase flow and corresponding boundary conditions that the saturation is increasing in the direction of flow, and average saturation is decreasing with total velocity increasing, i.e.:
dS dS <o (8) >o, -
du, '
and therefore
s"<~(9)
We now show that The total error is:
Mri ( [kr,(so)-~r,(~)]< o . .
Since the two terms will (partly) cancel out, no general conclusions can be drawn about the relative permeability to the I-st phase.
For the second phase, the first bracketed term in Eq. ( 13 ) is negative because of Eq. ( 12 ) and ( 3 ). The second bracketed term is negative because the saturation increases in the flow direction. Thus the total error in the relative permeability to the 2-rid phase is always negative, Ak,z (~)< O, i.e., the conventional interpretation of the measurements will underestimate relative permeability to the non-wetting phase.
Case B: S,I(F)<S.I
For water-wet rock, this case corresponds to imbibition and secondary drainage conditions for sufficiently high F.
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The measured total pressure drop across the core corresponds to the 1-st phase (water).
Contrary to the previous case, in the case B the saturation is decreasing in the direction of flow, and average saturation is increasing with total velocity increasing. The analysis is performed similarly to the above one and gives the following conclusion:
The total error in the relative permeability to the 1-st phase is always negative, M,(~) <O, i.e., the conventional interpretation of the measurements will underestimate relative permeability to the wetting phase. 
